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ABSTRACT
We present thermal model fits for 11 Jovian and 3 Saturnian irregular satellites based on
measurements from the WISE/NEOWISE dataset. Our fits confirm spacecraft-measured diam-
eters for the objects with in situ observations (Himalia and Phoebe) and provide diameters and
albedo for 12 previously unmeasured objects, 10 Jovian and 2 Saturnian irregular satellites. The
best-fit thermal model beaming parameters are comparable to what is observed for other small
bodies in the outer Solar System, while the visible, W1, and W2 albedos trace the taxonomic
classifications previously established in the literature. Reflectance properties for the irregular
satellites measured are similar to the Jovian Trojan and Hilda Populations, implying common
origins.
Subject headings: planet and satellites: detection - planet and satellites: fundamental parameters- in-
frared: planetary systems - surveys
1. Introduction
The irregular satellites are natural moons of the
giant planets in our solar system. While the reg-
ular satellites, like the Galilean are on prograde,
near-circular orbits close to the equatorial plane
of their host planet, the irregular satellites are on
more distant, highly eccentric and highly inclined
orbits. A major fraction of the irregular satellites
are retrograde with inclinations greater than 90◦.
1Infrared Processing and Analysis Center, California In-
stitute of Technology, Pasadena, CA 91125, USA
Currently there are 107 known irregular satellites
(54 orbit Jupiter; 38 orbit Saturn; 9 orbit Uranus;
and 6 orbit Neptune). The difference in the known
numbers is generally attributed to the increasing
difficulty experienced in observing these objects as
the distances to the planets increase.
One major feature of the irregular satellites is
that their orbits are dynamically clustered into
families (Gladman et al. 2001; Sheppard & Jewitt
2003; Nesvorny´ et al. 2003). The families orbiting
Jupiter have been named after their largest known
member. Jupiter has at least five known groups,
two of which are prograde (with the biggest mem-
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bers being Himalia and Themisto) and three that
are retrograde (Ananke, Carme and Pasiphae).
The families of irregular satellites around Saturn
have been named for the mythos that inspired the
names of their members. There are two known
prograde groups, the Inuit and the Gallic. The ret-
rograde satellites, except for Phoebe, are named
after nordic ice giants, and no clear family struc-
ture is apparent, although more than three differ-
ent groupings may exist. While the processes that
created some of the families (like the Carme and
Ananke familes at Jupiter) are known to be colli-
sional in origin, others (like the inclination groups
at Saturn) remain unknown.
The irregular satellites are believed to have
been heliocentric asteroids that were captured
during the early stages of solar system forma-
tion (Colombo & Franklin 1971; Heppenheimer &
Porco 1977; Pollack et al. 1979; Agnor & Hamilton
2006; Nesvorny´ et al. 2007, 2014). Understand-
ing when and how these bodies were captured can
provide constraints on and understanding of how
the giant planets, and thus the entire solar sys-
tem, formed. Determining the source regions of
the captured asteroids also provides an important
window into the physical and dynamical evolution
of these populations. It was recognized early that
the current population of irregular satellites might
have resulted from of a small number of captures
with subsequent fracturing events (Pollack et al.
1979), rather than a larger number of individual
captures (Bailey 1971b,a).
The optical and near-infrared color distribution
of the irregular satellites show a range from neu-
tral/grey (Sun-colored) to moderately red colors
(Smith et al. 1981; Tholen & Zellner 1984; Luu
1991; Rettig et al. 2001; Grav et al. 2003; Grav
& Bauer 2007), consistent with C-, P- and D-type
asteroids. Grav et al. (2003) found that the colors
within a dynamically defined family are more sim-
ilar to each other than members of other families.
This indicates that the irregular satellites from
a dynamical family are indeed fragments from a
single, homogeneous and larger progenitor. It is,
however, possible that surface processes, like space
weathering, may lead to the observed uniformity
(Jewitt & Haghighipour 2007).
The origins of the irregular satellites remain
unknown. Hartmann (1987) suggested that since
most of the large irregular satellites have C-type
spectra they were objects in the outer main aster-
oid belt ejected due to Jupiter resonances, such
as the Kirkwood gaps near the 5:2 and 7:3 reso-
nances. Johnson & Lunine (2005) used the den-
sity derived from the close fly-by of S9 Phoebe by
the Cassini-Huygens spacecraft on 11 June 2004
to suggest that this irregular satellite originated
in the outer solar system, rather than in situ in
the Saturnian system. The colors of the irregu-
lar satellites of Jupiter and Saturn are systemat-
ically bluer than the colors of the Centaur and
Trans-Neptunian populations, and they lack the
ultrared surfaces found in these two populations
(Jewitt 2002; Jewitt & Haghighipour 2007). This
difference in color distribution could be due to dif-
ferent dynamical, physical or collisional histories,
but could also signify that the Centaur population
(and thus the trans-Neptunian population) may
not be the source region for the irregular satel-
lites.
If this color difference remains as more opti-
cal and near-infrared photometry of the irregular
satellites are collected, it sets an important con-
straint on the source regions from which the irreg-
ular satellites may possibly have been captured.
It is noted that this difference in colors between
the irregular satellites and the Centaur population
are due to different dynamical histories or different
collisional histories
Some caution should be taken here with regards
to the use of C-, P- or D-type classification for
the irregular satellites. These spectral classifica-
tions are routinely used to describe the surfaces of
the outer main belt asteroids and cometary ob-
jects in the outer disk. The terminology more
commonly used for the more distant Centaur and
trans-Neptunian populations are neutral/grey, red
and ultra-red to describe their spectral slopes.
Since the origins of the irregular satellites are un-
known, but could be either from the outer main
belt, the trans-Neptunian population (through the
Centaur population), or a combination of the two
it can be hard to choose what nomenclature to
use in describing their observed or derived spec-
tral slopes. In this paper we use the C-, P- or D-
terminology, in order to be consistent with most of
the historical papers and our own series of papers
based on the WISE data. It should be cautioned
that this use does not imply any additional knowl-
edge, beyond the fact that the spectral slope of the
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observed irregular satellites have similar spectral
slopes to that of the C-, P- and D-type asteroids.
A more complete review of the current under-
standing of the irregular satellites’ physical and
dynamical properties, origins and evolution can
be found in Jewitt & Haghighipour (2007) and
Nicholson et al. (2008). In this paper we present
the observation of three Saturnian and eleven Jo-
vian irregular satellites with WISE as well as the
thermal modeling performed to derive their effec-
tive diameters and albedos.
2. Observations
WISE is a NASA Medium-call Explorer mis-
sion which during 2010 surveyed the entire sky
in four infrared wavelengths, 3.4, 4.6, 12 and
22µm (denoted W1, W2, W3, and W4, respec-
tively; Wright et al. 2010; Mainzer et al. 2005).
The solar system-specific portion of the WISE
project, known as NEOWISE, collected observa-
tions of more than 158,000 asteroids, including
near-Earth objects (NEOs), main belt asteroids
(MBAs), comets, Hildas, Jovian Trojans, Cen-
taurs, and scattered disk objects (Mainzer et al.
2011). Both the WISE and NEOWISE portions
of the survey and instructions on retrieval of data
from the WISE databases are described in com-
plete detail in Mainzer et al. (2011) and Grav et al.
(2011).
We found observations of nine irregular satel-
lites of Jupiter in the WISE single-exposure image
and extract source data. Five of the objects (J6
Himalia, J7 Elara, J8 Pasiphae, J9 Sinope, and
J11 Carme, ) were detected in all four bands. One
object (J10 Lysithea) was detected in W1, W3 and
W4. The remaining three objects (J12 Ananke,
J13 Leda, and J17 Callirrhoe) were detected in
the two longest bands, W3 and W4. While J18
Themisto should be bright enough to be seen by
WISE, it crossed the spacecraft field-of-view while
it was close to Jupiter and its flux was com-
pletely drowned out by the scattered light from
the planet. Observations of two additional Jovian
irregular satellites, J23 Kalyke and J27 Praxidike,
were extracted in W3 by stacking all available ob-
servations of the objects (see Section 2.1). Stacks
were also created using the ephemerides of J19
Megaclite, J20 Taygete and J24 Iocaste, but no
signal was detected for these objects.
Only S9 Phoebe was bright enough among the
Saturnian irregular satellites to be detected by
WISE in single observations, with strong signal
available in the W1, W3 and W4 bands. We were
able to use stacking (see Section 2.1) to extract
W4 observation of S26 Albiorix and S29 Siarnaq.
Stacks were attempted for S20 Palliaq and S21
Tarvos, but no signal was detected in either band
for these two objects.
2.1. Image Stacking
For two of the Jovian and two of the Satur-
nian irregular satellites it was possible to perform
a shift and co-added image stack procedure to in-
crease detection sensitivity, that allowed for identi-
fication of thermal detections that were not found
in the individual images. This method of shift and
stack has been done with great success on WISE
detections of comets, Centaurs and scattered disc
objects (Bauer et al. 2011, 2012b,a, 2013). Im-
ages containing the predicted positions of the ob-
jects were identified using the IRSA/WISE image
server solar system object search tool as described
by Cutri et al. (2012). The images were co-added
using ”A WISE Astronomical Image Co-adder”
(AWAIC; Masci & Fowler 2009). This stacking
resulted in ∼ 3− 4σ detections of J23 Kalyke and
J27 Praxidike in the W3 band, and ∼ 3 − 6σ de-
tections of S26 Albiorix and S29 Siarnaq. The
extracted magnitudes are tabulated in Table 2.
Table 2: Photometry from Co-added Images
Name MJD W3 W4
[UTC] [mag] [mag]
J23 Kalyke 55367 11.32± 0.24
J27 Praxidike 55367 11.43± 0.28
S26 Albiorix 55359 7.95± 0.29
S29 Siarnaq 55359 7.22± 0.16
3. Thermal Modeling
In this paper, we use the thermal modeling
methods described in our previous papers on
WISE detections of the Hilda and Jovian Trojan
populations (Grav et al. 2011, 2012a,b). Absolute
magnitudes were collected from Luu (1991), Ret-
tig et al. (2001), Grav et al. (2003); Grav & Bauer
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Table 1
Observations: The observational circumstances, number of observations and published
optical magnitudes are given. Note that for all the Jovian irregular satellites observed
here, the absolute magnitude is found using an assumed value of IAU phase slope
parameter G = 0.10± 0.15 (see section 3 for more detail). The note ∗ indicates that the
observations were stacked.
Name H G MJD r ∆ α Number of Observations
W1 W2 W3 W4
[mag] [UTC] [AU] [AU] [deg]
J6 Himalia 8.00± 0.011 0.10± 0.15 55369 4.903 4.812 11.96 15 15 14 15
55540 4.953 4.746 11.40 12 12
J7 Elara 9.45± 0.011 0.10± 0.15 55370 4.912 4.823 11.94 13 11 13 13
55540 5.019 4.810 11.24 13 13
J8 Pasiphae 10.21± 0.011 0.10± 0.15 55368 4.877 4.784 12.03 14 13 14
55540 5.023 4.814 11.23 11
J9 Sinope 11.29± 0.011 0.10± 0.15 55371 4.819 4.728 12.17 13 14 14
J10 Lysithea 11.09± 0.021 0.10± 0.15 55368 5.011 4.920 11.70 8 15 15
J11 Carme 10.91± 0.011 0.10± 0.15 55369 4.831 4.738 12.14 16 9 16 16
55540 5.062 4.858 11.15 8 6
J12 Ananke 11.84± 0.031 0.10± 0.15 55370 5.058 4.971 11.59 15 15
J13 Leda 12.63± 0.031 0.10± 0.15 55368 5.038 4.948 11.64 12 12
J17 Callirrhoe 13.92± 0.022 0.10± 0.15 55371 4.877 4.788 12.03 10 8
J23 Kalyke 15.28± 0.042 0.10± 0.15 55367 4.965 4.872 11.81 14∗
J27 Praxidike 15.24± 0.032 0.10± 0.15 55367 5.038 4.946 11.63 13∗
S9 Phoebe 6.59± 0.023 0.02± 0.033 55360 9.581 9.419 6.05
S26 Albiorix 11.35± 0.053 0.39± 0.063 55359 9.500 9.338 6.10 11∗
S29 Siarnaq 10.90± 0.053 0.45± 0.173 55359 9.410 9.247 6.16 13∗
References. — 1) Rettig et al. (2001); 2) Grav et al. (2003); 3) Bauer et al. (2006)
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(2007) and Bauer et al. (2006), thus allowing for
the derivation of visible albedos. The errors of
these absolute magnitudes are based on the pho-
tometric accuracy, but generally uses an assumed
phase coefficient of G = 0.15, which is commonly
used for small bodies for which the phase func-
tion behavior has not been derived. Bauer et al.
(2006) did derive G values in the R and B band
for 6 Saturnian irregular satellites, including the
three detected by WISE. The values ranged from
−0.11 ± 0.17 (for S22 Ijiraq) to +0.45 ± 0.17 (for
S29 Siarnaq). The inverse variance weighted mean
G value for the Saturnian irregular satellites is
0.10 ± 0.15, which we adopt as the value for ob-
jects where the phase function is not available;
none of the Jovian irregular satellites have mea-
sured G values. The phase functions can now be
used to estimate the error in H due to assuming
a standard value of G = 0.15. Most of the pho-
tometric measurements of the irregular satellites
are done at 2 to 12 degrees phase angle, which
means that a difference in G of ±0.15 would yield
errors in H of 0.04 and 0.15 magnitudes for the
two bounding phase angles. We thus conserva-
tively set the error on H at 0.15 magnitudes for all
objects for which a phase function has not been
derived.
4. Results
The detected Jovian irregular satellites range
in sizes from 139.6± 1.7km in diameter for J6 Hi-
malia to as small as 6.9 ± 1.3km for J23 Kalyke
and 7.0 ± 0.7km for J27 Praxidike. J17 Callir-
rhoe represents the smallest Jovian irregular satel-
lite seen in individual images with a diameter of
9.6 ± 1.3km. For the Saturnian irregular satel-
lites the results are consistent with the size derived
from the flyby of S9 Phoebe (Porco et al. 2005) at
the 2σ level. The diameters of S26 Albiorix and
S29 Siarnaq were found to be 28.6 ± 6.3km and
39.3± 5.9km, respectively.
All the objects detected by WISE are very dark,
with visible geometric albedos ranging from 2.6
to 9.6%, consistent with those of the C-, P- and
D-type asteroids that dominate in the region be-
tween the main asteroid belt and the giant plan-
ets. Figure 1 shows the derived diameter and
visible albedo of the irregular satellites from the
thermal modeling. The results are compared to
that of the Hilda population (blue points; Grav
et al. 2012a) and the Jovian Trojan population
(red points; Grav et al. 2011, 2012b). The largest
Saturnian irregular satellite, S9 Phoebe, is by far
the brightest of the irregular satellites observed,
with a visible albedo of 9.6± 1.7%.
The mean weighted albedo of the 14 irregu-
lar satellites observed in this paper is 4.3± 1.4%,
which makes the irregular satellites one of the
darkest known populations in the solar system.
The inverse variance weighted mean albedo of the
Jovian sample is slightly darker at 4.0±0.8%. The
irregular satellites are as dark as both the Hilda
population (which has a mean weighted visible
albedo of 5.5 ± 1.8%; Grav et al. 2012a) and the
Jovian Trojan population (with a mean weighted
visible albedo of 7 ± 3 Grav et al. 2011). It is
also as dark as the dark sub-population of the
Main Belt Asteroids, which were found to have a
mean albedo of 6± 3% (Masiero et al. 2011). The
blue component of the Centaur population has a
mean weighted albedo of 6± 2 (Bauer et al. 2013)
and would provide the connection to the suggested
outer solar system as a possible source region.
However, the connection to the Centaur popula-
tion raises a problem of explaining why only mem-
bers of the blue component of Centaurs were cap-
tured, since the irregular satellites lack any mem-
bers with sufficiently red colors or high enough
albedo to be consistent with captures from the red
component of the Centaur population. Alterna-
tively all captured Centaurs would have to have
undergone some dynamical or collisional process
(for example heating due to low perihelia passages,
space weathering, or exposing of new ice) before
they were captured as irregular satellites. The ir-
regular satellites rival the comet population as the
on of the darkest populations in our solar system
(Lamy et al. 2004; A’Hearn et al. 2005, 2011; Ca-
paccioni et al. 2015).
The beaming values are more scattered, ranging
from 0.76± 0.02 for J8 Pasiphae to 1.15± 0.10 for
J13 Leda. Figure 2 shows the derived diameters
and beaming values for the 10 irregular satellites
for which the beaming parameter could be derived.
The results are again compared to the Hilda popu-
lation (blue points; Grav et al. 2012a) and the Jo-
vian Trojans (red points; Grav et al. 2011, 2012b);
most of the irregular satellite have beaming values
comparable to these two populations. For the four
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stacked objects with detections in a single band we
adopt a default beaming value of 0.9±0.2. This is
consistent with the beaming values found among
the Hilda population, Jovian Trojan population,
and blue component of the Centaur population.
A smooth, spherical asteroid with no thermal in-
tertia has a beaming value of 1 (Harris & Lagerros
2002). A lower value than 1 is generally thought to
be caused by surface roughness, while high ther-
mal inertia and rotation cause an increase. All
of the irregular satellites detected by WISE are
consistent with low thermal inertia. Most of the
large Jovian irregular satellites have beaming val-
ues that are consistent with some surface rough-
ness.
Fig. 1.— The visible albedo distribution of the ir-
regular satellites detected with WISE as a function
of diameter. The observed population of Jovian
irregular satellites is darker than both the Jovian
Trojan and Hilda populations (Grav et al. 2011,
2012a).
Fig. 2.— The beaming parameter distribution of
the irregular satellites is shown as a function of
diameter and compared to the beaming parame-
ter distribution for the Hilda and Jovian Trojan
populations.
4.1. J6 Himalia
J6 Himalia is the largest of the Jovian irregular
satellites, and it is, except for Phoebe, the most
extensively observed of all the irregular satellites.
Himalia was discovered in 1904 by Charles D. Per-
rine using the Lick observatory. It orbits Jupiter
in a prograde orbit with mean inclination of ∼ 28◦
and a semi-major axis of 11.5 million km (or
∼ 165 Jupiter radii). Cruikshank (1977) was the
first to derive a diameter, 170±20km, and albedo,
3%, based on radiometric measurements in the
20µm band using the University of Hawaii 2.2m
telescope on Mauna Kea, Hawaii. In late 2000,
Himalia was observed by the Cassini spacecraft re-
sulting in disk-resolved images (Porco et al. 2003).
With the spacecraft 4.4 million kilometers away
from the irregular satellite, the image scale was
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Table 3
Thermal Fit Results: The diameter, visible and infrared albedo, and beaming parameter
derived from the thermal modeling, together with the number of observations used in
each band are given. The note ∗ indicates that the observations were stacked.
Name Diameter Beaming Albedo Number of Observations
Visible W1 W2 W1 W2 W3 W4
[km] % % %
J6 Himalia 139.6± 1.7 0.93± 0.02 5.7± 0.8 7.0± 0.7 6.4± 0.6 26 26 14 15
J7 Elara 79.9± 1.7 0.79± 0.03 4.6± 0.7 6.3± 0.5 5.2± 1.1 26 24 13 13
J8 Pasiphae 57.8± 0.8 0.76± 0.02 4.4± 0.6 6.7± 0.7 25 13 14
J9 Sinope 35.0± 0.6 0.82± 0.02 4.2± 0.6 10.8± 1.2 13 14 13
J10 Lysithea 42.2± 0.7 0.93± 0.02 3.6± 0.6 6.9± 1.1 8 15 15
J11 Carme 46.7± 0.9 0.95± 0.03 3.5± 0.6 9.7± 1.0 18.5± 2.2 24 15 16 16
J12 Ananke 29.1± 0.6 1.01± 0.03 3.8± 0.6 15 15
J13 Leda 21.5± 1.7 1.15± 0.13 3.4± 0.6 12 12
J17 Callirrhoe 9.6± 1.3 0.85± 0.17 5.2± 1.6 10 8
J23 Kalyke 6.9± 1.3 2.9± 1.4 14∗
J27 Praxidike 7.0± 0.7 2.9± 0.6 13∗
S9 Phoebe 202.2± 4.5 1.15± 0.03 10.0± 0.5 5.5± 0.5 9.8± 1.6 10 7 11 11
213.2± 2.0 1.22± 0.02 9.0± 0.2 5.0± 0.4 8.8± 1.3 10 7 11 11
S26 Albiorix 28.6± 5.4 6.2± 2.8 11∗
S29 Siarnaq 39.3± 5.9 5.0± 1.7 13∗
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27km/pixel. Himalia subtended 4 to 6 pixels, indi-
cating an ellipsoid shape corresponding to a size of
150±20km by 120±20km. (Porco et al. 2003) com-
bined this new size and ground based photometry
to determine an updated albedo value of 5± 1%.
There were 15 detections of Himalia in the
WISE dataset, with flux measurements in all 4
bands. Thermal modeling of Himalia yields an
effective diameter of 139.7 ± 1.8km and a visible
albedo of 5.7±1.2%, which are consistent with the
earlier measurements. With a W1 band albedo
of 7.0 ± 0.7% (cf Grav et al. 2012b), Himalia is
consistent with a C-type taxonomy as reported in
Tholen & Zellner (1984); Rettig et al. (2001). A
beaming value of 0.93 ± 0.02 indicates that Hi-
malia has low thermal inertia, with some surface
roughness.
Fig. 3.— The light curve of Himalia from Pilcher
et al. (2012) and the WISE detections presented in
this paper. The WISE detections have been offset
in rotational phase by 0.1 days.
The WISE detections of Himalia show evidence
of rotational periodicity. Rotational light curves
have been collected of Himalia by Degewij et al.
(1980b) and Pilcher et al. (2012), but with differ-
ent derived rotational periods. The former col-
lected two nights of observations in November
1976 and reported that the data permitted periods
between 9.2 and 9.8 hours with a peak-to-peak am-
plitude of 0.23 magnitudes in the V band. The lat-
ter used multiple nights of observations in 2010 to
derive a rotational period of 7.7819±0.0005 hours
and an amplitude of 0.20±0.01 magnitudes in the
V band. Pilcher et al. (2012) noted that Degewij
et al. (1980b) apparently phased their light curve
to 2.5 rotational cycles per day, while assuming
that three cycles in the interval was the correct
way to combine their two nights. The WISE light
curve covers slightly more than one day and has a
peak-to-peak amplitude of 0.2 magnitude in the
W3 band. Figure 3 shows the light curve derived
in Pilcher et al. (2012) with the observations from
WISE in the W3 (red) and W4 (green) bands over-
laid. We find that our observations are offset in
rotational phase by ∼ 0.1 day, which is consis-
tent with the quoted error of ±0.0005 hours con-
sidering there are ∼ 190 rotations between the
epochs of the two data sets . The shorter rota-
tional period of Pilcher et al. (2012) means that
the spectrophotometric observations collected by
Jarvis et al. (2000) are measurements of the same
side of Himalia, rather than sampling of opposite
sides as claimed in their paper.
4.2. J7 Elara
J7 Elara was discovered in 1905 by Perrine at
Lick Observatory. It is in a prograde orbit similar
to that of J6 Himalia and is thought to be part
of the Himalia dynamical family. While it is the
second brightest of the Jovian irregular satellites,
little is known about its physical characteristics.
Cruikshank (1977) used radiometric observations
in the 20µm band to derive a diameter of 80 ±
20km and an albedo of 3± 1% for Elara. Degewij
et al. (1980b) reported UBV colors of Elara, which
combined with the low albedo classified the object
as C-type. Degewij et al. (1980b) also noted that
their observations in 1975 deviated by as much as
0.5 magnitudes, which they interpreted as possibly
due to rotational variation. Rettig et al. (2001)
also observed Elara using BVR filters, and it was
again found to have colors consistent with a C-
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type surface. They, however, derived an absolute
magnitude HV = 9.45 ± 0.02 that was more than
0.6 magnitudes brighter than the HV reported by
Degewij et al. (1980b).
WISE detected Elara in all four bands in the
fully cryogenic (four band) portion of the mis-
sion, and it was again detected in the W1 and W2
bands during the post-cryogenic phase. The ther-
mal modeling of Elara results in an effective diam-
eter of 79.9±1.7km, with a dark surface albedo of
4.6±0.7%. Elara has infrared albedos of 6.3±0.5%
and 5.2 ± 1.1% in the W1 and W2 bands respec-
tively. This flat spectrum identify Elara as a C-
or P-type surface according to the formalism put
forth in Grav et al. (2012b). This is consistent
with the C-type classification done by other au-
thors (Tholen & Zellner 1984; Rettig et al. 2001).
The low beaming value of 0.79±0.03 indicates that
the body has significant surface roughness.
The WISE detections cover more than 24 hours,
and show only ∼ 0.2 magnitude peak-to-peak in
the W3 band rotational lightcurve, significantly
less than the variation seen by Degewij et al.
(1980b). The low peak-to-peak is more in line
with the results of Luu (1991) which reported a
∼ 0.1 magnitude variation. Luu (1991) speculated
that the difference could be explained by a simple
change in aspect angle. Jupiter’s orbital period is
12 years, allowing a satellite with an obliquity of
90 degrees to change from an ”equator on” geom-
etry as seen from Earth to a ”pole on” geometry
in 3 years.
4.3. J8 Pasiphae
J8 Pasiphae is the third largest of the Jovian
irregular satellites and was discovered in 1908 by
Philibert J. Melotte at the Royal Greenwich Ob-
servatory. It orbits the planet in a retrograde orbit
with mean inclination of ∼ 151◦ and a semi-major
axis of 23.6 million km (or ∼ 338 Jupiter radii),
more than twice as distant as J6 Himalia and J7
Elara. Little is known of the physical parame-
ters of this body, but it has been classified as an-
other C-type asteroid based on photometric mea-
surements (Tholen & Zellner 1984; Brown 2000;
Rettig et al. 2001).
Detections of J8 Pasiphae was only collected
in three of the four WISE bands (W1, W3 and
W4) during the fully cryogenic part of the WISE
mission. Additional W1 observations were col-
lected during the post-cryogenic phase. The ther-
mal modeling of Pasiphae resulted in an effective
diameter of 57.8± 0.8km, with a geometric visible
albedo of 4.4±0.6%. With the W1 observations we
were able to derive an infrared albedo of 6.7±0.7%
in that band. The relative flat spectrum, assum-
ing a featureless spectra between the visible and
infrared, confirms earlier results that the object is
C-type. Pasiphae, like J7 Elara, has a low beam-
ing value of 0.76 ± 0.02, indicating it is another
body with significant surface roughness.
Pasiphae show no evidence of significant varia-
tion in flux over the 1.2 days spanned by the WISE
detections. This confirms the observations by Luu
(1991), who also saw minimal light curve ampli-
tude variation in their observations. Again this
is in contrast to the results of Tholen & Zellner
(1984) and Degewij et al. (1980b) which discussed
the possibility of a rotational variation of as large
as one magnitude. This discrepancy could also be
due to a change in the aspect angle of the satel-
lite when observed at the different observational
epochs.
4.4. J9 Sinope
J9 Sinope was discovered in 1914 by Seth B. Nichol-
son at Lick Observatory. It is in a retrograde orbit
with mean inclination of ∼ 158◦ and a semi-major
axis of 23.9 million km (or 342 Jupiter radii).
While it is retrograde, it is unlikely to be associ-
ated with either the Ananke-Pasiphae complex or
the Carme group (Grav et al. 2003). It is most
likely the largest fragment of a progenitor that
was broken up and may also have created Aoede
and S/2003 J2, two Jovian irregular satellites that
have very similar orbits to that of Sinope. Little is
known about the physical properties of this moon,
but photometric measurements by Tholen & Zell-
ner (1984) showed that its spectra was different
than the other large Jovian irregular satellites
they observed. This was confirmed in Grav et al.
(2003); Grav & Holman (2004), which showed that
Sinope is a D-type object, with spectral slope
much steeper than the other ”classical” Jovian
irregular satellites.
J9 Sinope was detected in the three of the
WISE bands (W1, W3 and W4). The thermal
modeling revealed a body with an effective di-
ameter of 35.0 ± 0.6km with a beaming param-
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eter of 0.82 ± 0.02. The geometric visible albedo
was found to be 4.2 ± 0.6%, with a W1 albedo
of 10.8 ± 1.2%. Following the results from Grav
et al. (2012b) this indicates that the Sinope is a D-
type object. This is consistent with the results of
Grav & Holman (2004), which showed that Sinope
had colors in the visible and near-infrared that
showed a D-type spectral slope. Sinope is another
of the largest Jovian irregular satellites that have
low beaming value of 0.82±0.02, indicative of low
thermal inertia and some surface roughness.
The WISE detections show a magnitude differ-
ence of ∼ 0.1 in both the W3 and W4 bands for
the duration of the observations (∼ 27 hours) and
no rotational period is evident in our data. The
low light curve amplitude is consistent with the
results reported in Luu (1991), which gave the ro-
tational period as 13.16 hours with a peak-to-peak
amplitude of ∼ 0.2 magnitudes.
4.5. J10 Lysithea
J10 Lysithea was also discovered by Seth
Nicholson in 1938 using the Mount Wilson Ob-
servatory. It is a prograde orbit similar to J6
Himalia, whose family it belongs too. Almost
nothing is known about the physical characteris-
tics of this object, which is thought to be C-type
from optical and near-infrared photometric mea-
surements (Grav et al. 2003, 2004).
Lysithea was detected 15 times during the fully
cryogenic phase of the survey, with clear detec-
tions in both the W3 and W4 bands in all images.
Only 8 of the W1 band images revealed any de-
tectable source. Thermal modeling derived an ef-
fective diameter of 42.2 ± 0.7km, with a beaming
parameter of 0.93 ± 0.02. The visible albedo fit
revealed another dark surface at 3.6± 0.6% reflec-
tivity, which increases to 6.9± 1.1% reflectivity in
the W1 band. It is noted that with only about
half of the W1 bands having detectable sources,
we are most likely sampling only the brightest part
of the less than 0.2 magnitude peak-to-peak rota-
tional light curve of this object in this band. This
would lead to the derived W1 albedo possibly be-
ing higher than if all parts of the light curve had
been sampled. The low W1 albedo, however, iden-
tify the object as a C-/P-type object, regardless of
this sampling issue.
4.6. J11 Carme
J11 Carme was also discovered by Nicholson in
1938 at Mount Wilson Observatory. Another ret-
rograde orbiting moon, its orbit has a mean incli-
nation of∼ 164◦ and a semi-major axis of 23.4 mil-
lion km (or ∼ 334 Jupiter radii). It is the largest
of the Carme group of objects, a dynamical family
of 19 known irregular satellites with similar orbital
elements.
Carme is the fourth largest of the Jovian irreg-
ular satellites and was detected in 16 images in
the fully cryogenic phase of the survey and 8 im-
ages in the post-cryogenic phase. It was clearly
detected in both thermal wavelengths, W3 and
W4. In the reflected wavelengths, detections were
made in all W1 images, but only in half of the
W2 images. Using the thermal modeling we found
a diameter of 46.7 ± 0.9km, with a beaming pa-
rameter of 0.95 ± 0.03. The geometric visible
albedo is 3.5± 0.6%, which increases significantly
to 9.7±1.0% in the W1 band and 18.5±2.2 in the
W2 band. It is cautioned here that W2 albedo
might be artificially high as the images missing
detections in this band are those corresponding to
the trough of the ∼ 0.2 peak-to-peak magnitude
rotational light curve in the other bands. The
steepness of the spectrum from visible to near-
infrared wavelengths indicates a D-type surface,
which is consistent with the results of Grav et al.
(2003); Grav & Holman (2004).
4.7. J12 Ananke
It would take Nicholson another 13 years af-
ter the discovery of J10 Lysithea and J11 Carme,
before he discovered his next irregular satellite of
Jupiter. J12 Ananke was first seen in 1951, again
using Mount Wilson Observatory. Its orbit has
a mean inclination of ∼ 148◦ and a semi-major
axis of ∼ 21.3 million km (or ∼ 304 Jupiter radii).
Ananke is therefore part of the Pasiphae-Ananke
complex, a large group of irregular satellite with
similar orbital elements that may be the result of
one or two fragmenting events Grav et al. (2003).
Optical and near-infrared photometry showed that
this object has a P-type surface (Grav et al. 2003;
Grav & Holman 2004).
Ananke was only detected in the two thermal
bands, W3 and W4, with 15 flux measurements
in each band. This allowed for a thermal model
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solution of 29.1 ± 0.6km with a beaming value of
1.01 ± 0.03. The geometric visible albedo shows
another dark surface with 3.8 ± 0.6% reflectiv-
ity. The object appears to have a rotational light
curve with a peak-to-peak variation of ∼ 0.4 mag-
nitudes.
4.8. J13 Leda
Leda, the smallest of the 8 ”classical” Jo-
vian irregular satellites, was discovered in 1974
by Charles T. Kowal using the Mount Palomar
Observatory. It belongs to the prograde Himalia
group and is thought to be another C-type sur-
face based on optical and infra-red photometric
measurements (Grav et al. 2003; Grav & Holman
2004). Leda was detected by WISE in the W3
and W4 bands only . Thermal modeling using the
12 detections in each of the band yields a diame-
ter of 21.5 ± 1.7km with a beaming parameter of
1.15± 0.13. The geometric visible albedo is again
very dark, at 3.4± 0.6% reflecticity.
4.9. J17 Callirrhoe
This retrograde Jovian irregular satellite was
discovered in 1999, by the Spacewatch project.
It was orginally designated as an asteroid (1999
UX18), but was identified as an irregular satellite
of Jupiter the following year and given the des-
ignation S/1999 J1. Callirrhoe became the 17th
confirmed moon of Jupiter. With an inclination
of ∼ 147◦ Callirrhoe may be part of the Pasiphae
cluster, but it might also be part of its own dynam-
ical complex outside the Pasiphae-Ananke com-
plex. Little is known about its physical proper-
tied, but it has been as having a D-type surface
(Grav et al. 2003; Grav & Holman 2004).
There were 10 detections of this object in the
W3 band and 8 in the W4 band, which allowed
for a thermal model fit using beaming as a free
parameter. The effective diameter was found to
be 9.6±1.3km with a beaming parameter of 0.85±
0.17. With a H value of 13.92 ± 0.02 from Grav
et al. (2003) the visible albedo was found to be
5.2± 1.6%.
4.10. J23 Kalyke
J23 Kalyke was discovered in 2000 by Scott
Sheppard using telescopes at Mauna Kea Obser-
vatory in Hawaii. It has an orbit similar to that
of Carme, and if therefore thought to be in the
Carme dynamical family. Grav et al. (2003) used
optical photometry to classify Kalyke as a D-type
object. While Kalyke passed through 14 individ-
ual images during the fully cryogenic WISE phase,
it was not detected in any of them. However,
stacking these exposures revealed a ∼ 4σ source at
the predicted position in the W3 band. No source
was found in the corresponding W4 band stack.
The measured magnitude in the W3 band is
11.32 ± 0.24 using the method laid out in Wright
et al. (2010) using aperture photometry. Using
an assumed beaming value of 0.9± 0.2 yielded an
effective diameter of 6.9± 1.3km. The H value of
15.28 ± 0.04 from Grav et al. (2003) was used to
derive a geometric visible albedo of 2.9± 1.4.
4.11. J27 Praxidike
J27 Praxidike is another Jovian irregular that
was discovered by Sheppard in 2000. It is in a
retrograde orbit with an orbit similar to that of
the objects in the Ananke family. Optical pho-
tometry shows that Praxidike has a C-type sur-
face, which is inconsistent with the Ananke family
having homogeneous surface throughout its mem-
bership (Grav et al. 2003; Grav & Holman 2004).
There were 13 images covering this smaller ir-
regular satellite, but detections were not found in
any of the individual exposures. The stacked im-
age in the W3 band, using all 13 exposures, re-
vealed a ∼ 4σ source at the predicted position.
No source was seen in the W4 band in the corre-
sponding stack. The measured stacked magnitude
in the W3 band, at 11.43±0.28, was used together
with an assumed beaming value of 0.9± 0.2 to de-
rive an effective diameter of 7.0 ± 1.4km. Using
the H value of 15.24±0.03 from Grav et al. (2003)
we derive a geometric visible albedo of 2.9±0.6%,
another dark surfaced Jovian irregular satellite.
4.12. S9 Phoebe
S9 Phoebe, discovered by W. H. Pickering in
1899 at Boyden Observatory, was the first retro-
grade moon to be discovered in the solar system
and is by far the most comprehensive studied ob-
ject among the irregular satellites. It was observed
by ground based telescopes in the 1970’s, and it
was found to have brightness fluctuations of 0.2
mag with a period of either 11.3 or 21.5 hours,
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with rather gray UBV colors(Andersson 1974).
The satellite was also found to have a very high
phase coefficient of 0.10-0.15 mag/deg, which led
Cruikshank (1979) and Degewij et al. (1980b,a)
to conclude that Phoebe appeared to be similar
to a C-type asteroid. Thomas et al. (1983) used
50 disk resolved observations of Phoebe from the
Voyager 2 spacecraft to derive a mean diameter
of 220± 20km and a rotational period of 9.4± 0.2
hours. This yielded a geometric albedo of 6.9±2%.
Kruse et al. (1986) performed photometric ob-
servations of Phoebe and improved the determi-
nation of the rotational period to 9.282 ± 0.015
hours. They also improved the mean opposition
V magnitude, which revised the geometric albedo
to 8.4 ± 0.3% when using the Voyager 2 derived
diameter. Kruse et al. (1986) also derived a strong
opposition effect of 0.180± 0.035 mag/deg, which
they showed was consistent with that of the C-
type asteroids. Simonelli et al. (1999) later used
the same images from Voyager 2 to construct an
albedo map of Phoebe, showing most of its surface
having normal reflectance between 7 to 10%.
Bauer et al. (2004) provided new observations
of the rotational period of Phoebe, improving it
to 9.2735 ± 0.0006 hours, allowing for the cor-
relation of previously observed spectral features,
colors, and albedo feature with observations of
the moon by Cassini during its 2004 June 11 en-
counter. This flyby resulted in a unprecedented
view of an irregular satellite for slightly more than
three rotations, with resolution to better than 2
km per pixel across the surface (Porco et al. 2005).
It was found that the moon has a mean radius of
106.6 ± 1 and a mean density of 1630 ± 45 km
per cubic meter, which for a porosity of <∼ 40%
requires a mixture of ice and rock of some type.
WISE detected Phoebe in all four bands, al-
though the detections in the 4.6µm are low signal-
to-noise. The thermal fit yields a diameter of
202.2± 4.5 with an albedo of 10.0± 0.5%. While
this diameter is slightly lower than that derived
by Cassini, the two results are within 2σ of each
other. The derived beaming value of 1.15±0.03 is
also on the high end for the irregular satellites ob-
served reported here, with only J13 Leda having
similarly high beaming value.
4.13. S26 Albiorix
S26 Albiorix is the largest of the Gallic cluster
of prograde irregular satellites of Saturn, centered
on 34◦ mean inclination. It was discovered in by a
team lead by Brett Gladman in 2000 and was given
the designation S/2000 S11 (Gladman et al. 2001).
Optical and near-infrared photometry revealed it
as a P-type (Grav et al. 2003; Grav & Holman
2004).
Albiorix was another satellite that were not
seen in individual images, but was revealed using
shift-and-stack of 11 available W4 frames. The
resulting detection has a signal-to-noise ratio of
∼ 3. Thermal modeling yields a diameter of
28.6 ± 5.4km with a visible albedo of 6.3 ± 2.7,
when assuming a default value of 0.9± 0.2 for the
beaming parameter.
4.14. S29 Siarnaq
S29 Siarnaq is prograde satellite and the largest
in the Inuit group centered on 45◦ mean inclina-
tion. It was also discovered in 2000 by a team lead
by Gladman (Gladman et al. 2000). This object
was classified as a P-type object through optical
and infrared broadband photometry (Grav et al.
2003; Grav & Holman 2004; Buratti et al. 2005).
While there is little physically known about the
satellite, it appears to be in a secular resonance
with Saturn (Nesvorny´ et al. 2003; C´uk & Burns
2004).
WISE did not detect Siarnaq in individual im-
ages, but when shift-and-stack of the 13 available
frames was performed in W4 it revealed a detec-
tion with signal-to-noise ratio of ∼ 7. Thermal
modeling yields a diameter of 39.3 ± 5.9km and
visible albedo of 5.0 ± 1.7, assuming a beaming
value of 0.9± 0.2.
5. W1 and W2 Albedo
Seven of the irregular satellites detected by
WISE were bright enough to be detected in the
W1 and/or W2 band. For these distant, cold ob-
jects, these two bands, centered on 3.4 and 4.6
microns, are dominated by reflected light. This
allows for the determination of ”near-infrared”
albedo in these two bands. Grav et al. (2012b)
found a correlation between the W1 albedo and
taxonomic type for the Jovian Trojan population,
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with the objects having < 9% albedo in W1 be-
ing correlated with C- and P-type asteroids and
those with higher W1 albedos correlating with D-
type asteroids. This correlation is continued in
this data set. The five objects (Himalia, Elara,
Pasiphae, Lysithea and Phoebe) with p3.4 < 9%
are all C-type objects (Grav et al. 2003). The
other two objects (Sinope and Carme) with p3.4 >
9 are both D-type objects (Grav et al. 2003).
6. Discussion
The irregular satellites, particularly the retro-
grade Jovian irregulars, show some of the low-
est visible geometric albedos on any population
of small solar system bodies observed by WISE,
with a inverse variance weighted mean albedo of
4.3 ± 1.4%. With the exception of S9 Phoebe,
every irregular satellite observed by WISE is on
the dark end of the distribution of geometric vis-
ible albedo found in the dark component of the
main asteroid belt, the Hilda population, the Jo-
vian Trojan population, the blue component of
the Centaur population, and the cometary pop-
ulation. (Masiero et al. 2011; Grav et al. 2011,
2012a,b; Bauer et al. 2013). The low albedo of
the irregular satellites may be indicative of an ori-
gin for these bodies among the other dark solar
system populations, or may trace unique physical
or evolutionary processes that these bodies were
subjected to between formation and the present
day. Further photometric and taxonomic studies
of these objects will enable us to place them in
context of the rest of the solar system and help to
constrain potential evolutionary pathways.
Both S9 Phoebe and the other Saturnian irreg-
ular satellites have been invoked to explain as a
source region of the dark material found on the
leading side of the Saturnian regular satellite S6
Iapetus (Soter 1974; Buratti et al. 2005). Numer-
ical simulations predict that the irregular satel-
lites underwent a significant collisional evolution
that may have generated large quantities of dark
dust (Nesvorny´ et al. 2003; Turrini et al. 2009),
which was collaborated with the recent discovery
and confirmation of a dust ring originating from
Phoebe (Verbiscer et al. 2009). However, data
collected using the Cassini Visual and Infrared
Mapping Spectrometer (VIMS) during the flybys
of Phoebe and Iapetus showed that few spectral
associations exist between the two objects (Tosi
et al. 2010). While Phoebe might not be a domi-
nant source of the dark material, the significantly
redder surfaces of S26 Albiorix and S29 Siarnaq
(Grav et al. 2003; Grav & Bauer 2007) remain as
possible candidates. The low visible albedos found
for these two objects strengthens that possibility,
but their prograde orbits means that dust from
these objects have much lower likelihood of collid-
ing with Iapetus than dust from retrograde irregu-
lar satellites. Tamayo et al. (2011) studied the dy-
namics of dust in the Saturnian system and found
that dust from the retrograde Saturnian irregular
satellites can have comparable likelihoods of end-
ing up on Iapetus as those coming from Phoebe.
They argued that this mix of Phoebe’s flat spec-
tral slope and the redder spectral slope of the other
retrograde irregular satellites could contribute to
the differences in the spectra between Phoebe and
Iapetus. Unfortunately, WISE did not observe any
of the other retrograde Saturnian irregular satel-
lites, but the confirmation of the dark surfaces
of Albiorix and Siarnaq (as well as the uniformly
dark surfaces of the Jovian irregular satellites) in
this study strengthens the belief that the other ir-
regular satellites of Saturn could have similar dark
surfaces.
7. Conclusion
We present thermal model fits for 11 Jovian
and 3 Saturnian irregular satellites based on mea-
surements from the WISE dataset. Our fits con-
firm spacecraft-measured diameters for the objects
with in situ observations (Himalia and Phoebe)
and provide diameters and albedo for 12 pre-
viously unmeasured objects. The best-fit ther-
mal model beaming parameters are comparable to
what is observed for other small bodies in the outer
Solar System, while the visible, W1, and W2 albe-
dos trace the taxonomic classifications previously
established in the literature. Reflectance proper-
ties for the irregular satellites measured are sim-
ilar to the Jovian Trojan and Hilda Populations,
implying common origins. The irregular satellites,
particularly the retrograde Jovian irregulars, show
some of the lowest visible geometric albedos on any
population of small solar system bodies, with a in-
verse variance weighted mean albedo of 4.3±1.4%.
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